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SUMMARY

Goals and objectives

The long range goal of this program is to develop an improved understanding of

phenomena of importance to directional solidification, to enable explanation and

prediction of differences in behavior between solidification on Earth and in space.
Current emphasis is on determining the influence of perturbations on directional
solidification.

Progress

Mohsen Banan completed his Ph.D. thesis and took a job with MEMC in St. Peters,

Missouri, to work on Czochralski growth of silicon. Excerpts from his thesis are

included here as Appendix A. A new graduate student, Mr. Weijun Yuan, began work
in January. Until August he is being supported by the Department of Chemical

Engineering as a teaching assistant. He has been learning techniques for preparing

ampoules, directional solidification, and metaUography.

The paper "Experimental observation of the influence of furnace temperature profile on

convection and segregation in the vertical Bridgman crystal growth technique,"

presented at the Dresden IAF meeting last October, was accepted for publication in Acta

Astronautica. A paper on the influence of vibration on the microstructure of lead-tin

eutectic was accepted for publication by the Journal of Crystal Growth. It is reproduced

here as Appendix B.

Mohsen Banan directionaUy solidified InSb-GaSb alloys while the ampoule was vibrated

or electric current pulses were applied through the ingot. In all cases the axial

composition profile corresponded closely to that expected with complete mixing in the

melt and equilibrium at the freezing interface. Interface breakdown occurred near the

end of the ingot, as indicated by a finer microstructure, large fluctuations in

composition, and microcracks. Application of current pulses caused the onset of these

conditions much sooner, indicating that these pulses increase constitutional

supercooling. Vibration appeared to decrease significantly the number of grains and

increase slightly the number of twins, which nucleated at the ampoule walls.

James Zhou directionally solidified Te-doped InSb with periodic rotation of the ampoule

about its axis (ACRT). Striations were produced showing that the growth rate varied

significantly down the ingot, the interface became facetted near the end, the freezing rate
was different when rotation was on than when it was off, and the freezing rate varied as
the crucible rotated.



Plans

A new graduate student, Weijun Yuan, will follow up on Banan's observations. He will

determine the reproducibility of the influence of vibration on microstructure and, if the

effect is real, try to determine the mechanism causing it. James Zhou will perform

solidification experiments with both ACRT and current interface demarcation in order to

determine the variation of growth rate and interface shaped during each ACRT cycle.

Publication

R. Caram, M. Banan and W.R. Wilcox, "Directional solidification of Pb-Sn eutectic with

vibration," J. Crystal Growth (in press). (See Appendix B.)
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I. INFLUENCE OF IMPOSED PERTURBATIONS ON DIRECTIONAL
SOLIDIFICATION OF InSb-GaSb ALLOY SEMICONDUCTOR

Mohsen Banan and Weijun Yuan

Summary

The objective of this project is to determine the influence of imposed perturbations on

compositional homogeneity and microstructure of directionally solidified alloy
semiconductors. Solid solutions of InSb-GaSb were solidified in a vertical Bridgman -

Stockbarger apparatus. Two different approaches were undertaken to impose

perturbations in the growth system:

. Periodic reversal of the direction of electric current passed axially through the

melt-solid configuration.

. Axial vibration of the growth ampoule at 10-100 Hz frequency and 0.05-1.0 mm

amplitude.

InxGal_xSb ingots with x = 0.2 initial feed composition were directionally solidified

using a vertical Bridgman-Stockbarger technique at 8 mm/day and 25-30 C/cm axial

temperature gradient in the empty furnace. Energy dispersive x-ray spectrometry was
used for compositional analysis of the ingots. The microstructure was examined using

optical and scanning electron microscopy.

Several ingots were grown with axial vibration of the ampoule. Vibration at 10-100 Hz

and 0.05 to 1.0 mm amplitude was applied to the growth ampoule during growth.

Several ingots grown with vibration had fewer grains and more twins than one solidified
without vibration. For example, ingots grown under vibration at 10 Hz of 1.0 mm

amplitude and 20 Hz of 0.5 mm amplitude consisted of 2 grains compared to 7 to 9

grains in the ingot solidified without vibration.

Both with and without vibration the axial composition profiles corresponded to those

expected for complete-mixing in the melt. The composition across the sample (radially)
was uniform.

An ingot was grown with 15 amp/cm 2 of electric current passed axially through the

solid and the melt. The current was alternatively changed in direction every 25 sec

during growth. The current-induced perturbations caused an earlier transition to a fine

grain structure with large fluctuations in composition and micro-cracking, all indicative
of interface breakdown due to constitutional supercooling.

Mr. Banan completed his Ph.D. thesis, portions of which are in Appendix A. A new

student, Mr. Yuan, will determine the reproducibility of the influence of vibration on the
microstructure.



II. USE OF CURRENT INTERFACE DEMARCATION DURING
DIRECTIONAL SOLIDIFICATION OF Te-DOPED InSb WITH ACRT

James Zhou

Summary

The objective of this project is to use the Current Interface Demarcation (CID) technique

during the solidification of Te-doped InSb to determine the influence of Accelerated
Crucible Rotation Technique (ACRT) on the growth. We expect to create several CID

striations during each ACRT cycle by passing current pulses. Observing these striations

will allow us to determine the change of growth rate and interface shape during the

ACRT cycle.

Tellurium-doped InSb was solidified with ACRT at different rotation rates and with

different dopant concentrations, but without CID. Thick striations were induced by
turning on and off the rotation. In addition, there was a thin rotational striation for each

revolution of the ampoule within the sections solidified with the rotation on. The

rotation rate and dopant concentration influenced the appearance of the striations.

The growth rate was calculated by measuring the distance between adjacent striations.
It decreased rapidly at the beginning of the ingots, became nearly constant, increased

slightly and then diminished to near zero at the end. The striations changed direction

when they crossed grain and twin boundaries. The interface was totally faceted at the

tail end of the ingots. Under the microscope, the striations caused by spin-up looked

different from those caused by spin-down. The length solidified during spin-up was

also different from that during spin-down, suggesting that the growth rate was different

during spin-up and spin-down.

A novel ampoule was made to allow passage of current pulses during solidification with

ACRT. Solidification will be performed with both ACRT and CID.

An MS thesis will be finished during the next reporting period.

II.A. Introduction

Developed by Scheel et al. [1] in the early 1970s, the Accelerated Crucible Rotation

Technique (ACRT) has been employed in various crystal growth processes. For

example, with ACRT crystals grew 1000 times larger than without ACRT in the

high-temperature flux growth of GdA10 3 [2]. Vertical Bridgman-Stockbarger (VBS)

growth of CdxHgl_xTe with ACRT was studied extensively by Capper et al. [3-6].

Improved compositional homogeneity and larger grains were obtained. Demarcation of

the interface by quenching showed that ACRT caused the growth interface to become
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less concave [6].

Gray [7] at Clarkson has been studying the influence of ACRT on InSb-GaSb
solidification. Both with and without ACRT, his axial composition profiles always

corresponded to complete mixing in the melt and equilibrium at the interface. ACRT

appears to have had only a slight influence on the microstructure.

The mechanism for the above behavior during solidification with ACRT is not clear.
Periodic acceleration and deceleration of crucible rotation leads to effective stirring of the

melt. Thus improved cross-sectional compositional homogeneity is expected in the

solidified ingots. Several mechanisms have been proposed to explain grain

enhancement by ACRT, including a more favorable interface shape, backmelting and

regrowth, and "scrubbing" of nuclei.

Many crystal growers have suggested that the periodic nature of ACRT may produce a

periodic variation in the mixing of the melt and a periodic variation of the temperature

adjacent to the interface. Both of these would be expected to cause compositional

striations to be grown into the ingots. Larrousse [8] at Clarkson has confirmed the

periodic nature of mixing resulting from spin-up and spin-down by limiting current

density electrochemical experiments. From measurements of temperature distributions

during high temperature solution growth, Tolksdorf and Welz [9] concluded that there

were temperature oscillations in synchronism with the program of variable rotation.

These observations imply that the composition of the grown solid would also fluctuate,

producing striations. These striations might be useful as time markers and to reveal the

interface shape. Striations were found when Gornert et al. [10] investigated the flux

growth of YIG with ACRT. In other systems, however, the high temperature present in
the solid near the interface could cause these striations to diffuse away before the solid

reaches room temperature, and so never be seen. Gray et al. [11] developed a one
dimensional, time-dependent model for the diffusional decay of striations. Neither

Capper et al. nor Gray found striations in their systems.

For our Te-doped InSb system with ACRT of 10 s on and 10 s, we estimate
D/V2t,_ = 2.75 x 10 -5, where D is the diffusivity of Te in solid InSb at its melting point, V

is the s'olidification rate, and t c is the ACRT cycle time. Using the theory of Gray et al
[11] we estimate the distance for 99.9% decay to be 35 cm, which means that striations

caused by ACRT should not diffuse away in the present experiments.

Passage of current through the melt-solid interface causes Peltier cooling or heating,

depending on the direction of the applied current [12,13]. Since tellurium is rejected by
the growing solid, an increase in growth rate should lead to a Te-rich striation in the
solidified material. Generation of several striations within the material grown in one

ACRT cycle would enable us to determine the variation of growth rate and interface

shape during that cycle.
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II.B. Experimental Methods and Results

Figures 1 and 2 are schematic diagrams of the ampoule and the furnace system that

allow passage of current pulses during ACRT. The ampoule is about 85 cm long, 9mm
ID and 11ram OD. The current pulses pass from a graphite electrode at the bottom, a

molybdenum lead, another graphite electrode, through the ingot, another molybdenum

lead, and finally to the graphite electrode at the top of the ampoule. Both the top and

bottom graphite electrodes are contacted with copper brush electrodes which attach to

the current pulse generator. A bearing is mounted on each end of the furnace to align

the ampoule.

Several growth runs with ACRT only and one with both ACRT and CID were

performed. The growth conditions are listed in Table 1.

For the first run R1, an ACRT rotation rate of 20 rpm was applied at the beginning. After

about 10 hours, the ampoule was lowered down 1 mm and the rotation rate was

changed to 80 rpm. The cycle time was 10 seconds with rotation on and 3 minutes with

it off. The resulting ingot was sliced longitudinally, mechanically polished, and

chemically etched. This section was observed under the microscope at magnifications
from about 40x to 400x. There were no striations at the beginning portion. The mark

caused by the fast lowering was about 3.1 mm from the front of the ingot. After the
mark, striations were visible to the naked eye when the sample was held at a certain

angle, which depended on the orientation of the grains and the light source. These same
striations were not observable under brightfield, darkfield, and even Nomarski

microscopy. Striations became more pronounced at the tail end of the ingot. Figures 3
and 4 show the striations in the tail end of ingot R1. These striations showed that the

melt-solid interface was not flat at the end of the growth. It changed its direction

sharply across boundaries. The dark region in Figure 5 might be oxidized material.

Figure 6 is a scanning electron micrograph showing striations in grains about 1.3 mm
from the end. The distance between the striations showed the growth rate decreased as

the end was approached.

In order to learn the reason for the absence of striations at the beginning of R1, ingots R2

and R6 were grown under identical conditions, except an 80 rpm rotation rate was
applied for the entire time of these runs. The Te concentration in R6 (5 x 1019/cm 3) was
10 times that in R1 and R2. There were still no striations at the beginning of ingot R2.

However, the first striation appeared much earlier, 9 mm from the beginning, as shown

in Figure 7. In ingot R6 striations were observed from the very beginning of the ingot,

indicating that a larger tellurium concentration is required to reveal striations under the

conditions employed.

There were two dominant striations for each ACRT on-off cycle, corresponding to the

start and stop of rotation. One interesting observation, as shown in Figure 8, was that
there were fine striations produced during the 10 seconds the rotation was on. One such

stration was produced for each revolution of the ampoule, indicating that the thermal
environment was sufficiently non-uniform to cause a periodic variation in freezing rate

at each point.

In runs R3 and R4 ACRT was used with the time of roation equal to the time without

4



rotation. The striations caused by spin-up looked different from those caused by

spin-down, as shown in Figure 9. The length solidified during spin-up was also
different from that during spin-down, indicating that the growth rate was different

during spin-up and spin-down.

Figure 10 shows coupled striations in ingot R1 that indicate that the average growth rate

during rotation was twice that without rotation. Further investigation will be
undertaken.

One growth run was performed with both ACRT and CID. The resulting ingot is being
studied.

II.C. Future Work

• More growth runs with both ACRT and CID.

• Several growth runs with ACRT only to ascertain whether turning on the rotation
causes a larger or smaller freezing rate than turning off the rotation.

• Some experiments with CID only to investigate the influence of the length of the

insulation zone and the length of ingot on the growth.
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Figure 3: Ingot R1 with high magnification shows Stria-

tions induced by ACRT. (250x)
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Figure 4: Striations changed direction when they crossed

the boundaries. 1.3 mm from tail end of ingot R1 (225x)
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Figure 5: Faceted tail end of ingot R1. Dark region might

be oxidized material. Growth direction was shown by arrow.

(40x)
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Figure 6: Striations at the end of ingot R1 showed the

growth rate diminish to near zero when the growth finished.
(lOOx)
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Figure 7: Ingot R2 shows striations.
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Figure 8: Rotational striations about 10 mm from begin-

ning of the ingot R2. (400x)
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Figure 9: Striations in middle portion of ingot R4 showed
the length of material grown in spin-up period was different
from that in spin-down period. (50x)
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Figure 10: Coupled striations in grains about 6 mm from

the tail end of ingot R1, suggesting that both the start and

stop of rotation cause the most significant perturbation to

the melt flow pattern and to the heat and mass transfer. The

average growth rate during ACRT on-time was twice as

that during Off-time. (40x)
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Excerpts

Chapter 4

APPENDIX A

from PhD Thesis of

Mohsen Banan fj _

N91-22420

Results

In this chapter the:results of compositional and microstructura] analyses of the so-

lidified ingots are presented and discussed. The results are presented in two sections: 1)

Solidification with axial vibration, and 2) Current-induced perturbations. The Vibration

section consists of the microstructura] and compositional analyses of the ingots solidified

with and without vibration, the vibration-induced dynamic acceleration measurements, and

the macroscopic growth rate measurements using an interface demarcation technique.

The Current-induced Perturbations section includes the results of solidifica-

tion of an ingot with alternating current pulses, the current interface demarcation in an

alloy of In0.2Gao.sSb, and in - situ temperature measurements in the charges of GaSh and

]n0.2Ga0.sSb during passage of electric current.

4.1 Solidification with Axial Vibration

Severalingotswith a feedcomposition of In0.2Gao.sSbwere directionallysolidified

with and without axialvibrationof the ampoule. Table 3.1 shows the experimental condi-

tionsforallthe runs(thistableisgiveninthe Experimental chapter).An axialtemperature

gradientof30-35 °C/cm (measured inusing a K-type thermocouple in an empty ampoule)

and an ampoule loweringrateof $ mm/day or 2] mm/day were used in thesesolidification

experiments. The actualaxialtemperature in the charge would be expected to be lower

than in an empty ampoule. Such a differencearisesprimarilyfrom the higherthermal con-
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ductivityof a charge as compared to air.The temperature profileof the furnace used in

our experiments was _thermally stable",meaning that the temperature increasesupward

intothe furnace.

The freezingtemperature of Ino.2Gao.sSbisabout 690°C. Due to rejectionof

InSb, the freezingtemperature decreasesalong the ingot.For good mixing of the melt and

equilibriumat the freezinginterface,the freezingtemperature is predictedto vary from

690°C initiallyto 530° near the end ofgrowth. Comparing the furnacetemperature profile

and the range of freezingtemperature, the initialsolidificationfrontwas expected to be

near the heaterand adiabaticzone boundary. The freezingtemperature at the finalstages

of solidificationwould be in the vicinityof coolerand adiabaticzone.

4.1.1 Constitutional Supercooling in lnSb-GaSb

For solidificationof In0._Gao.sSbfeedcomposition,a growth rate of 8 ram/day and

an axialtemperature gradientof 30-35°C/cm should avoid constitutionalsupercoolingin

the InSb-GaSb growth system. However, the temperature gradientin a charge isexpected

to be lower than 30-35°C/cm measured in an empty ampoule. At 21 ram/day growth rate,

an axialtemperature gradientof 30-35°C/cm or less(asin an ampoule with a charge under

the same furnacesetting)may not be largeenough to avoid constitutionalsupercoolingin

the InSb-GaSb system.

To show the _lidityofthe above statement,we may use equation A.8 describ-

ing the conditionsfor avoidance of constitutionalsupercoolinggiven as (seeAppendix A

for more details):

mvxt (k,- 1) (4.1)

Here m isthe slope of the liquiduscurve,k, isthe interracialdistributioncoefficient,Cc

and C! are the total molar concentration of solute in the solid and liquid, respectively, X_

is the mole fraction of solute in the liquid at the interface, and V is the growth rate. Cc

and C! are calculated using the density and molecular weight data given in Appendix B

and C. Fitting the liquidus curve for the phase diagram of InSb-GaSb we obtain:
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T = 709.5- 93.1Xj- 96.1X_ (4.2)

where X_ is the mole fraction of l.nSb in the liquid. The slope of the liquidus is determined

as:

dT (4.3)m = I = -93.1 - 192.2XI
dX/

From the phase diagram, the eCluilibrium distribution coefficient ko is determined as a

function of liquidus composition as:

X$

ko = _ = 0.12+ 0.r21Xt- 2.37X_+ 2.5_X,3 (4.4)

where X, is the mole fraction of solute in the solid at the equilibrium interface. Assuming

that equilibrium prevails at the interface, the interracial distribution coefficient is the same

as the equilibrium distribution coefficient, i.e. k, = ko.

Figure 4.1 shows plots of equation (4.1) for Gl,,,,col versus Xt mole fraction

of InSb in the liquid at the interface for growth rates of 8 ram/day and 21 mm/da.v and

an assumed diffusion coefficient of 2xl0 -s cm2/s. The growth system is predicted to be

stable for imposed temperature gradients above the curves and unstable for _xlues below

lhe curves for the given growth velocities. Interface breakdown is expected to appear as

a cellular or dendritic structure resulting in axJa] and radial compositional fluctuations.

The compositional _'ariations arise from trapping of solute within the cellular structure or

dendrites.
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Figure 4.1: A plot of Gtc,i,cot in equation 4.1 versus mole fraction of InSb in the melt for

InSb-GsSb system. Two growth rates were used: 8 mm/day and 21 ram/day. The system

is predicted to be stable for an imposed temperature gradient above the curve and unstable

for values below the curve for the given growth velocity.
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4.1.2 Axial and Radial Compositions

The axialand radialcompositionprofilesof the ingotswere determined using energy

dispersivespectrometry (EDS). The mole fractionof InSb was measured at I mm intervals

along thelongitudinalsections.The radialcompositionalprofileofingotswas determined at

I mm intervalsacrossthe samples taken from positionsalong the ingot.The experimental

EDS analysistechniqueisdescribedin detailin Chapter 3. The EDS analysiscalculations,

a compositional model for good mixing in the melt, calculationof the longitudinalcon-

centrationprofile,and the erroranalysisof the EDS spectra data,are given in Appendix

B.

Solidificationat 8 turn/day Translation Rate

Figure4.2shows axialcompositionsversuslongitudinalpositionofIntGaz-rSb ingots

with feed composition of _=0.2. These ingots were directionally solidified at $ ram/day am-

poule translation rate and 30-35°C/cm axial temperature gradient (measured in an empty

ampoule using a K-type thermocouple). The complete mixing theory curve was calculated

using the formu]ations given in Appendix B. Within experimetal error the composition pro-

files all corresponded to good mixing in the melt for all ingots solidified, both with and

without vibration.

The elevated indium composition in the first to freeze portion of the ingo_

was probably due to rapid freezing following nucleation from a supercooled melt. Similar

initial compositional variations due to delayed nucleation were also observed in directionally

solidified Pb=Snl_,Te [84] and In, Gal_,Sb [6] ingots.

Figures 4.3 and 4.4 show radial compositional profiles of ingots D1 (no vibra-

tion) and V5 (40Hz,0.1mm). The concentration was very uniform across the ingot. Near the

last portion of the ingot to freeze, the compositional variation across the ingots increased.

This radial segregation might have been due to the shape of the interface becoming more

concave as compared to the intia] sections of the ingot. Such changes in the liquid-solid

interface shape were revealed by interface demarcation technique (details are given in the

section on Liquid-Solid Interface Shape). A larger radial segregation is expected near the
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Figure 4.2: Axial composition profiJes of ingots Dl(no vibration), VI(10 Hz, 0.5 mm am-

plitude), V2(20 Hz, 0.5 mm amplitude), and V5(40 Hz and 0.1 mm amplitude). The mole

fraction of InSb is given versus mole fraction solidified along the ingot. All experimental

profiles correspond to good mixing in the melt.
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end of the ingot because the concentration change more rapidly near the end of ingot and the

interfacebecomes more concave. The wavy form of the radialcomposition at 90% fraction

solidified of ingot D1 (no vibration) could have been due to enhanced mixing induced by

Maragoai convection near the top of the free melt surfa£e. In ingot V5 (40Hz,0.1mm), the

radial composition v_riations near the end were large and asymmetrical. These xariations

could have been d_c to Maragoni convection at the free-melt surface, or oscillatory motion

u_0.8

of tile free melt surface by vibration.
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Figure 4.3: Radial composition profiles of ingot DI, which was solidified without vibration.

Here g is the longitudinal mole fraction along the ingot.

The axialcomposition prof'desof ingotsV3 (20Hz, 1.0 mm amplitude), V4

(30 Hz, 0.5 mm amplitude), and V6 (100 Ha, 0.05 mm amplitude) are given in Figures

4.5, 4.7, and 4.8. The composition pro_es corresponded to good mixing in the melt. The

experimental curve is a little higher than the theoretically calculated curve. This difference

could be due to EDS experimental errors and to deviation of the initial feed composition

was from 20% mole InSb. Figure 4.6 shows the radial compositional profile of ingot V3 (20

Hz, 1.0 mm amplitude). The radial profile is uniform in composition. During solidification

of ingots V3, V4, and V6 the furnace was shut off after partial solidification of the melt
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in order to revealthe shape of the interface(resultsofinterfaceshape are given in section

4.1.3).

The InSb-GaSb growth system issolut_llystable,since the density of the

rejectedcomponent, i.e.InSb, ismore than the preferentiallyincorporated component,

GaSb. All of theseingotswere directionLllysolidifiedunder thermallyand solutallystable

conditions.Vigorous convection isnot anticipatedunder thermally and so]uta.llystable

conditions. The good mixing profilein the ingotssolidifiedwith vibrationwas due to

enhanced mixing by vibrationof the ampoule. ]_owever,the axialcomposition profileof

ingot DI, solidifiedwithout vibration,correspondsto a profileforgood mixing in the melt.

The good mixing could have been due to convectioninduced by radialconcentrationand

temperature gradients and/or molecular diffusion. Since the growth rate of 8 ram/day was

very slow, there might have been sufficient time for diffusion to mix the rejected solute a_

the interface with the entire liquid (explained in the Discussion chapter).
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Solidification at 21 mm/day Translation Rate

Three ingots with In0.2Gao.sSb feed composition were solidified at 21 ram/day am-

poule translation rate and 30-35 °C/cm axial temperature gradient (measured in an empty

ampoule). One ingot was solidified without vibration, one with axial vibration at 20 Hz

frequency and 0.5 mr, amplitude, and one with 40 Hz frequency and 0.1 mm amplitude.

Figure 4.9 shows the axial composition profiles of ingots F1 (without vibration)

and F2 (20 Hz,0.5 ram) solidified at 21 ram/day. The profiles correspond to good mixing

in the melt. Compositional fluctuations were observed after 75 to 80_ mole fraction of the

ingots had solidified. The composition fluctuations might have been due to constitutional

supercooling and morphological breakdown. An examination of the microstructure of bo_h

ingots showed a change in the microstructure from multi-grain with twins to a fine grain

structure at near where the compositional fluctuations began. After 90_ mole fraction had

solidified, the axial composition again began following a good mixing pattern. This behavior

occurred sooner in the ingot solidified with vibration compared to the one solidified with

vibration. Figures 4.10 and 4.11 show the radial composition profiles of ingots F] and F2.

Figure 4.1 (refer to the beginning of this chapter) shows the critical tempera-

ture gradient, given in equation 4.1. in the melt plotted versus the mole fraction of InSb in

the liquid at the interface for 8 ram/day and 21 mm/da.v growth rates. This figure is used

to demonstrate the conditions for avoidance of constitutional supercooling in InSb-GaSb

for givrn growth rates. A detail of the constitutional supercooling formulation is given in

Appendix A and at the beginning of this chapter. An imposed axial temperature gradien_

of 30-35°C/cm (measured in an empty ampoule) was used in our solidification runs. The

axial temperature gradient in an ampoule with a charge is expected to be lower than in an

empty ampoule.

For solidification runs at 8 ram/day, the temperature gradient of 30-35°C/cm

(the actual temperature gradient measured in a charge is lower than 30-35°C/cm) is above

_he critical temperature gradient for the entire range of InSb composition in the liquid at

the interface. This means that the interface should remain stable throughout solidification

of the entire ingot. As mentioned in section 4.1 for ingots solidified at 8 ram/day, the
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axial composition profiles corresponded to good mixing. No compositional fluctuations

or other evidence of morphological breakdown were observed. In the ingots solidified at

21 ram/day, some compositional fluctuations were observed at and beyond 75-807c mole

fraction solidified. The compositional fluctuations might have been due to morphological

breakdown.

The location along the ingot that breakdown would take place could be related

to the information given in Figure 4.1. The mole fraction InSb in the liquid at the interface

can be determined at any given location along the ingot at the time solidification using the

plots in Figure 4.12. Figure 4.12 shows the theoretical solute composition profile for the solid

and liquid at the interface with equilibrium at the interface for good mi_ng of the me]_ for

In0.-Ga0 8Sb feed composition (calculation is given in Appendix B).The solute concentration

i,,creases in the melt ahead of interface. The mixing by free convection or vibration-induced

convection migl,t not be sufficient to reduce the solute build-up. Referring to Figure 4.]2. the

liquid composition at the interface at S0_ mole fraction of ingot solidified was about 0.6 mole

fraction InSb. The critical axial temperature gradient for 0.6 mole fraction ofh_Sb ilh the

liquid at 21 ram/day growth is about 100°C/cm. The actual growth rate _]th an ampoule

lowering rate of 21 ram/day is less than 21 ram/day near the end of growth. The imposed

a_al temperature gradient during all our solidification runs was less than 30-35°C/cm .

which is much lower than the critical temperature gradient of 100°C/cm. Consequently the

interface should have broken down. Such morphological instability' is expected to malfife_

itself as compositional fluctuations and fine grain structure, as observed in ingots F1 and

F2.

The interface breakdown in ingots Fl and F2 extended for 0.15 mole fraction of

the ingot solidified and then resumed a good mixing profile again. However, the composition

profile near the end did not follow the good mixing profile for 0.20 mole fraction InSb, since

the solute was trapped in the broken down region. This resulted in a change of compositio,_

in the melt and consequently in the solid near the end. Such a recovery from morphological

breakdown could have been due to following; after the breakdown, the solute buildup ahead

of the interface would be reduced since the solute is trapped in the broken-down regions.
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The rate of growth also decreases due to interaction of the growth system with the furnace

thermal fields (the growth rate measurements are given in section 4.3).
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Figure 4.12: Calculated axial composition profile for an ingot with a feed composition of

I.n0._Gao.sSb with equ.ilibrium at the interface and good mixing in the melt. The continous
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4.1.3 Liquid-Solid Interface Shape

Interfacedemarcations were generated in two ingots by"lowering the heater tem-

perature from 800°C to 770° and then abruptly translatingthe ampoule down by I ram.

Afterward, the heater temperature was increasedto 800°C again. The change of heater

temperature would modify the thermal fieldsin the melt and charge,and cause fastfreez-

ing during the temperature loweringperiod. The ampoule was moved down by I mrn to

assurethatthe rapidlyfrozendemarcation would not backmelt.

The ingotswere longitudinallysectioned,mechanically pol}shed,and chem}-

cal]yetched in IHF:IHNO3:IH_O for 30 sec to 2 minutes. A Longer etchingtime caused

e×tensivecracking of the ingots.The demarcations appeared as discontinuitiesin the mi-

crostructureacrossthe ingot.The demarcated lineshad a sudden change of composition.

The interfacedemarcations were not clearin the firsthalfof the ingots,even afteretching

for I to 2 minutes. The demarcations were more pronounced at the second half.and espe-

ciallynear the end of the ingots.The lesspronounced demarcations could be due to two

reasons:the coolingperiod to induced fastfreezewas not long enough and/or the prefer-

entialetching of second halfas compared to firsthalfof the ingots(the end portion had

higherconcentrationof InSb compared to the firsthalfof the ingots).At the firsthalfof

the ingotsthe shape of the interfacewas near-concave,with a radiusofcurvaturelessthan

0.1 mm. The radiusof curx-atureof the demarcations increasedas solidificationproceeded.

In the lastto freezesectionof the ingots_the interfacebecame more concave, with a radius

of curx-atureof I mm. In theseexperiments no significantdifferencewas observed in the

demarcations' curx'aturein ingotssolidifiedwith or without vibration.

As mentioned earlierin the previoussectioningotsV3 (20 Hz, 1.0mm ampli-

tude) and V6 (100 Hz, 0.05ram amplitude) were quenched afterpartialsolidification.The

shape of the interfacein ingot V3 was convex, as shown in Figure 4.13. The firstdemar-

cationwas made by loweringthe heater temperature similarto the procedure mentioned

above. The second demarcation was generatedby quenching the remaining melt by shutting

offthe heater.The microstructurechanged acrossthe demarcation due to the discontinuit.v

in growth rate. The firstdemarcation was very clear.The second demarcation was not
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pronounced.The ingot cracked in the vicinity of the second demarcation during cutting.

The EDS measutements showed the compositional ",'ariations across the demarcations. The

corresponding axial composition profile is given in Figure 4.14. The compositions profile of

the directional.ly solidified portion corresponded to good mixing in the melt. The interface

shape was convex with 0.25 mm radius of curvature. A convex interface is dmirable for

better grain selection, since the grains tend to grow normal to the interface.

Figures 4.15 shows an interface demarcation generated by quenching the re-

maining melt during solidification of ingot V6. The ingot was chemically etched using

1HF:lHNO3:lH20 for 25 sec at room temperature to reveal the microstructure and in-

terface demarcation. The interface _as concave with a radius curvature of 0.3 mm. The

interface was wavy and asymmetric. Figure 4.16 shows the axial composition profile in ingot

\'6. The composition suddenly changed at the demarcation location. The location of the

interface demarcation along the ingot correspoded to freezing temperature of 600°C. The

temperature of 600°C in our furnace was in the lower section of the adiabatic zone. It is

expected that the interface shape would be near-concave in the boundary of adiabatic zone

and the cooler.
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Figure 4.13: Microstructure of ingot V3 translated at 8 ram/day with axJa] vibration of

20 Hz frequency and 1.0 mm amplitude. The interface demarcations were made by rapidly

freezing the melt. The ingot was sandblasted to reveal the microstructure and the interface

demarcations. The interface was convex with a radius of curvature of 0.25 ram. The ingot

diameter was 9 ram. The growth direction was from left to right.
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Figure 4.14: Axial composition profile of ingot V3.
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Figure 4.15: Microstructure of last portion of ingot V6 to freeze with a translation rate of

8 ram/day and axial vibrations of 100 Hz frequency and 0.05 mm amplitude. The interface

demarcations were made by rapidly freezing the melt. The ingot was chemically etched

using 1HF:lHN03:lH20 for 25 sec at room temperature to reveal the microstructure and

interface demarcation. The interface was concave with a radius of curvature of 0.3 mm.

The diameter of the ingot was 0.9 cm. The growth direction was from left to right.

U3

O
or,,_

¢.)

t_

O

.0 I I ! ! _ 1 I 0 I'

0.8

0.2

CX:X:X:X_ I00 llz,O.05 mm amplitude

Complete mixing (theory)

!

t

to

t 0

'6
I

t

I

I

I

!

_oOO,.,o ...... _'_ I

0.0 "_ t ' t " t ' 1

0.0 0.2 0.4 0.6 0.8
Mole Fraction Solidified

0

0

Figure 4.16: Axial composition profile of ingot V6.

111
ORIGINAL PAGE IS
OF POO_ Ou/u..rrY



4.1.4 Macroscopic Growth Rate

The macroscopic growth rate was determined for two ingots with In02Ga08$b feed

composition, one without vibration and with vibration at 20 Hz frequency and 0.5 mm

amplitude. The quenching interface demarcation technique was used. Both ingots were

directionally solidified at 9.5 ram/day ampoule lowering rate.

In this technique the heater temperature was decreased from 800°C to 770°C

within 10 minutes by lowering the voltage to the heater. When the heater temperature

reached 770_C, the ampoule was abruptly moved downward by 1 mm. After the ampoule

was moved down by 1 mm. the heater temperature was increased again to 800°C and

maintained at that temperature. This procedure was undertaken every 24 hours during the

entire solidification period of 15 to 16 days. After completion of a growth run. the ingo_

was removed from the ampoule. The ingot was sectioned ax]al].v and chemically polished

using 1HF:IH.NO3:IH20 for 60 sec at room temperature, to reveal the demarcatmns.

Figure 4.17 shows the measured distance between the above demarcations

along the ingots. The measured distance versus time was fitted into a third degree polyno-

mial. The macroscopic growth veloc]t.v along the ingot was calculated taking the derivative

ofihe po].vnom]a] fit of the plots of distance versus time. A plot of macroscopic growth ve-

locit.v versus length fract]on solidified along the ingots is shown in l:'Jgure 4.15. The gro_th

velocity was initially higher than the translation rate, possibly due to the end effects as

predicted b.v Sukanek [65]. As mentioned earlier in section 4.2, the axial composition profile

of all ingots directJonally solidified with and without vibration corresponded to good mix-

ing of the melt and equilibrium at the interface. As the growth proceeds, rejection of InSb

lowers the freezing temperature (as given by the phase diagram), resulting in _"ariation of

the freezing temperature along the length of the ingot. The freezing temperature was ini-

tially about 690°C and gradually decreased to 530°C near the end of ingot. Consequently.

solidification would never reach a steady-state condition.
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4.1.5 Vibration-induced Acceleration

Vibration of the ampoule resulted in modulation of acceleration in the direction of

applied vibration. In our solidification experiments the growth ampoule was oscillated ax-

ially parallel to Earth's gravity. The dynamic acceleration induced by axial oscillation of

the ampoule was measured using an accelerometer attached to the ampoule holder. The

accelerometer's output signal was recorded at a sampling rate of 200 Hz using a data

acquisition system and a Zenith 280 computer. Table 4.1 shows a summary of dynamic ac-

celerations measured during axial vibration of the ampoule at different vibration paramters.

Figures 4.19 to 4.23 show the dynamic acceleration versus time for different

vibrational conditions. Figure 4.19 shows acceleration fluctuations of ±0.005 x 9.81 m/s "_

without any applied vibration. These fluctuations are caused b.v background noise in t]_e

laboratory. The vibration at 10 Hz frequency and 0.5 mm amplitude caused periodic accel-

eration variations of ± 0.1 × 9.-_1 m/_ _2, as shown in Figure 4.20. A periodic varialion of

= 0:2 x 9._1 m/s 2 was measured for vibration at 20 Hz frequency and 0.5 mm ampl;tude.

as shown in Figure 4.21. Vibration at 40 Hz frequency and 0.1 mm amplitude resulted in

± 0.1 x 9.51 m/s 2 acceleration _riations. as shown in Figure 4.22. Figure 4.23 shows the

dynamic acceleration fluctuations of ± 0.05 x 9.81 m/s 2 measured during axial vibration

at ]00 Hz frequency and 0.05 mm amplitude.

The acceleration data were analyzed using the Power Spectrum option of Ten:-

p]eGrapl_ software package (via Clarkson-.YASA/Lewis computational facilities). The max-

imum g-variation was determined at its respective frequency for dynamic acceleration data

of 20 Hz and 0.5 mm amplitude, 40 Hz and 0.1 mm amplitude, and 100 Hz and 0.05 mm

amplitude, as shown in Figures 4.24, 4.25, and 4.26, respectively.

ORIGINAL FAGE _,S

of poom EJJ 

115



Table 4.1: Dynamic acceleration measured using an accelerometer at different vibration

conditions. The acceleration varied periodical].v. Similar vibration parameters v,ere used in

the solidification experiments.

Ingot Vibration Parameters Dynamic Acceleration

V1

\'2

V3

\'4

V5

V6

(Hz),(mm) (g=9.81 rn/s =)

10,0.5 ±0.09g

20,0.5 2:0.15g

20.1.0 ±0.23

30,0.5 =1:0.25

40,0.1 :t0.10g

100,0.05 +0.05g
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Figure 4,19: Plot of dynamic acceleration versus time without application of axial vibration.

The measured fluctuations were due to background noise in the laboratory. The acceleration

was measured using an accelerometer.
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Figure 4.23: Plots of dynamic acceleration versus time with a.'dal vibration at 100 Hz

frequency and 0.05 mm amplitude. ]'he acceleration was measured using an acce]erometer,
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Figure 4.24: Power spectrum of dynamic acceleration at 20 Hz frequency and 0.5 mm

amplitude vibration.
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4.1.6 Microstructural Analysis

In thiswork, the entireingotwas sectionedlongitudinally,as shown in Figure 4.07.

forcompositionaland microstructura]analyses.The compositionalanalysiswas performed

using a mechanicallypolishedsample. For mJcrostructuralanalysis,the longitudinalcross

sectionsofingotswere mechanicallypolishedand chemicallyetchedtorevealthe microstruc-

ture (detailsare given in Chapter 3).

Large number ofvoids(bubbles)were observedon the surfaceofthe ingots,as

shown in Figure 4.28.The number of bubbles was higheron the firsthalfof the ingotsas

compared to the remaining portion.There was no correlationbetween the appliedvibration

and the number of bubbles on the surface of the ingots.

The microstructure of ingots was examined using optical microscopy at 200X

magnification and scanning electron microscopy at 200X or higher. All ingots were po]_-

crystalline. The micros_ructure consisted of man) straigM and curved boundaries. Etching

of curved boundaries yielded a triangular groove. The straight boundaries appeared as

rectangular-shape grooves, Figures 4..'29 and 4.30 show scanning electron microscopy mi-

crographs of the curved and straigh_ boundaries after chemically etching of the sample ir_

]'IF:H.XO3:H20 solution for 25 sec at room temperature. Figure 4.31 shows a scanning elec-

iron microscopy micrographs ofa straigh_ boundary al 1000X magnification. The rougl_

surfaces are possibly due to preferential e_ching of regions with different oriemation.

Figure 4.32 shows the microstructure of ingot D1 solidified without vibration.

The boundaries were revealed by chemical elching the sample in 1HF : 1H.NO3 : 1H20

solution

for 45 sec at room temperature. A large number of small grains was observed in the first

to freezesectionofingotDI. This ingotconsistedofa largenumber ofcurved and straight

boundaries,with scatteredsmall grainsthroughout the ingot.

Figure 4.33shows a photograph of the microstructureof the longitudinalsec-

tion of ingot VI solidifiedwith axial vibrationof I0 Hz and 0.5 mm amplitude. The

boundaries were revealedby chemicallyetchingthe sample in IHF:IHNO3:IH20 soluxion

for45 secat room temperature. Fewer smallgrainswas observed inthe firstto freezesection

122



radial profiles axial profile

Figure 4.27 Schematic diagram of a longitudinally sectioned ingo_ used for compositio:,_i

and microstructura] analyses.

Figure 4.28: Sandblasted InxGal_xSb ingot which was solidified with vibration at 20 Hz

frequency and 0.5 mm amplitude. Bubbles were present on the surface of the ingot. Growt]_

direction was from left to right.
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Figure 4.29: Scanning electron micrograph of curved boundaries on a longitudinal section

of ]n0.2Ga_.sSb ingot V6. The boundaries _'ere revealed by chemically etching the sample

in 1HF:lHNO3:lH20 solution for 25 sec at room temperature. The magn]fcations are 300x

and 900x for the pictures on the left and on the right, respectively. The picture on the right

is an enlargement of the area enclosed in the box in the picture on the left. The scale bar is

10 microns and 3.3 microns for the 300X and 900X magnifications, respectively. The large

arrow to the right indicates the growth direction.
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Figure 4.30: Scanning electron micrograph of curved and straight boundaries on a longitu-

dinal section of In0 2Ga_.sSb ingot V6. The boundaries _ere revealed by chemically etching

in :IHF:lHNO3:lH20 solution for 25 sec at room temperature. The magnifications are 200X

and 1000X for the pictures to the ]eh and to the right, respectively. The picture on the

right is a 5 times enlargement of the boxed area in the picture on the left. The longest bar

in the bottom of the picture is 100 and 20 microns for the 200X and 1000X magnifications,

respectively. The large arrow indicates the growth direction.
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Figure 4.31: Scanning electron micrograph of a stra]ght boundary on a longitudinal section

of In0._Gao.sSb ingot V2. The surface was etched in 1HF:lHNO3:lH20 for 25 sec at room

temperature. The magnification is 1000X. The longest bar at the bottom of the piclure is

10 microns. The arrow indicates the growth direction.
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Figure 4.32: Photograph of the microstructure of a longitudinal section of ingot D1, which

was solidified at 8 mm/day translation rate without vibration. The boundaries were revealed

by chemically etching the sample in HF:HN03:I-I_O solution for 45 sec at room temperature.

The samples were cast in a resin mold for polishing. The width of the ingot is 0.9 cm. The

growth direction was from left to right.
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of ingot V1 a_comparedto ingot D]. Interestingl.v,growthof large grains was initiated

from the first to freeze section of ingot V]. This ingot consisted of three grains initial).v

and two grains near the end. A large number of twins initiated from the ampoule wall and

grew inward. No small grain was observed in ingot V1.

Figure 4.34 shows a photograph of the m]crostructure of a longitudinal section

of ingot V2, which was solidified with axial vibration of 20 Hz and 0.5 mm amplitude. Ingot

\'2 consisted of many small grains in the first to freeze section. Large twinned grains were

observed after 4 to 5 mm from the first to freeze section of ingot V2. The twins were mostl.v

initiated from the ampoule wall and grew inward until reached to a curved boundary. In

the second half of ingot V2. there were only two grains, but heavil.v twinned. The twins il.

the second half were parallel to the growth direction.

Figure .1.35 shows a photograph of the microstructure of a longitudinal sectio::

of ingo_ \'6. which was solidified at 8 ram/day with axial vibration of 100 Hz and 0.05

mm amplitude. In the first to freeze section of ingot V6. a large number of fine grains wa_

present. The microstructure most]} consisted of grains in the first half of the ingot x_i_],

on])' a fex_ t_ins. In the second half of the ]ngo'_. the number of grains was reduced to three

wit)_ several twins. The last portion of this ingot was quenched to reveal the liquid-solid

interface. The interface shape was near concave with a wavy configuration. The wavy shape

migl,t have been due to oscillatory perturbations caused b.v vibration.
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Figure 4.33: Photograph of the microstructure of a longitudinal section of ingot V1 solidified

with axial vibration of 10 Hz and 0.5 mm amplitude. The boundaries were revealed by

chemically etching the sample in 1HF:IHNOs:IH20 solution for 45 sec at room temperature.

The samples were cast in a resin mold for polishing. The width of the ingot is 0.9 cm. The

growth direction was from left to right.
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Figure 4.34:Photograph of the mJcrostructureof a longitudinalsectionof ingot V2, which

was solidifiedwith axialvibrationof 20 Hz and 0.5 mm amplitude. The structurewas

revealedby chemicallyetchingthe sample in IHF:IHNO3:IH20 for45 sec at room temper-

ature.The samples were castin a resinmold forpolishing.The width of the ingotis0.9

cm. The growth directionwas from leftto right.
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Figure 4.35: Photograph of the microstructure of a longitudinal section of ingot V6, which

was solidified with axial vibration of 100 Hz and 0.05 mm amplitude. The structure was

revealed by chemically etching in 1HF:IHNO3:IH_O for 45 sec at room temperature. The

samples were cast in a resin mold for polishing. The last to freeze section shows a quenched

liquid-solid interface. The interface was near concave. The width of the ingot is 0.9 cm.

The growth direction was from left to right.
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4.1.7 Statistical Analysis of Grain and Twin Boundaries

A statistical analysis was performed on the number of curved and straight boundaries

in different ingots. The curved and straight boundaries are reported as grain and twin

boundaries, respectively, in this work. The number of boundaries per millimeter across an

ingot was compared to other ingots. Also the total number of boundaries in each ingot was

compared to the other ingots.

The number of grain and twin boundaries was counted across the ingots along

the longitudinally sections at 2 mm inter_ls. Figures 4.36 and 4.37 show the number of

grain and twin boundaries per millimeter across the width of lhe samples for the entire

leng_], of the ingots solidified with and without vibration. The number of grain boundarie_

wa_ significantly lower for the ingots solidified with vibration compared to the one wi_Lou:

vibra:ion, especially in the second half of the ingots. The scatter in the data could be due _o

the presence of small grains along the examined sections. The last half of all ingots sl_owed

less scatter in the data as compared to the firs_ half. Figures 4.38 shows the number of

grai_ boundaries for the last half of the ingots.

A one-sided S_uden_'s _-tes$ with paired comparisons was used in this ana!.vsis.

The t-test was performed using a commercially ax'ailable software package called the .Number

Cruncher Statistical System (.NCS$). A detailed description of the Students's t-tesl is as

follows: Consider two da_a sets which we desire to compare. Both of these sets are arranged

in two columns: the first column lists the length fraction of the ingot solidified and the second

column contains the straight boundaries per mm width of ingot. In order to compare them.

the two data sets are paired based on equal length fractions of the ingot solidified. These

pairs are listed under two columns, C1 and C2 as a separate data set. As described below

a the two sided t-test was performed on this data set.

1. I-Iypothesis proposed: The first step involved the proposal of an hypothesis, which

was as follows: To check if the mean of the difference between C] and C2 is greater

than zero.
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Figure 4.37: Number of twin boundaries per mm counted across the samples at 2 mm

intervals along ingots solidified at $ ram/day translation rate with and without vibration.
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Figure 4.38: Number of grain boundaries per mm counted across the samples at 2 mm

]nterva]s a]ong ingots solidified at $ mm/da.v trans]ation rate with and ,without vibration.
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2. Calculate the differences X,.

X, = C1, - C2, (4.5

3. Calculate the mean difference d.

where n = number ofobservations.

d_
Z:? x,

fl

(4.6

4. Calculate the variance of the difference s 2.

s2 = _E_(X, - d)2
n-I

(4.7)

5. Ca]culate the standard deviation of the difference s.

s = v/7"s_ (-t._,

6. Calculate the standard error of the difference sj.

$

( 4.9,

7. Calculate the T x_]ue to,

8. Calculate the probabitit.v level.

d

sd
(4.]0,

Probability let'el= P(tt_[ > 0) (4.111

9. We can say that C1 was greater than C2 at the probability (confidence) level obtained

by the previous step.

10. All the above mentioned steps were performed by the NCSS software.

Table 4.2 shows the probability level that the number of grain boundaries

(curved) per mrn across the ingot, as shown in Figure 4.36, listed in the row was greater

than the number of curved boundaries per mm in the ingots lisled in the columns of lhe

table. Accordingly, with 99_ confidence, ingot Dl(no vibration) contained more grain
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boundaries per mm than all of the ingots grown with vibration. Ingot V2(20Hz,0.5mm

had the least number of grain boundaries. Ingot V1 (10Hz,0.5mm) and \'4 (30Hz,0.5mm

showed similar numbers of grain boundaries, lower than in the ingots \;5 and \'6.

Table 4.3 shows the probability level that the number of twin boundaries per

mm across the ingot, as shown in Figure 4.37, listed Jn the row was greater than the number

of twin boundaries per mm in the ingots listed in the columns. Ingot D1 (no vibration) shows

the least number of twin boundaries per mm among all ingots. Ingot V1 (10Hz,0.5mm) and

\'5 (40Hz,0.1mm) showed the highest number of twin boundaries among all ingots. Ingot

V6(100Hz,0.05mm) had the lowest number of twin boundaries among ingots solidified with

vibration.

Table 4.4 shows the probability level tha_ the total number of boundarie,_.

i.e. grain and twin boundaries (curved and straight), along the full length, per mm across

the ingo_ listed in the row was greater than the total number of boundaries per mm ir,

the ingots listed in the columns. Ingot D1 (no vibration) showed the highest number of

total boundaries per mm among all ingots. Ingot V2(20Hz,0.Smm) solidified with vibration

Lad the lowes_ number of total boundaries per mm among all ingots. The total number

of boundaries per mm in ingo_ VS(40Hz,0.1mm) was highest among ingots solidified with

vibration and comparable with ingot D1 solidified withou_ vibration.

Tables 4.5, 4.6, and 4.7 show the probability level that the number of grair_

boundaries, twin boundaries, and total number of boundaries along the last half of the

ingots listed in the row was greater than the boundaries per mm in the ingots listed in the

columns.

The mean of the number of grain and twin boundaries and total boundaries

are given in Figures 4.39, 4.40 and 4.41, respectively. The error bars represent the standard

error of the means. The standard error of the means is defined as the standard deviation

divided by the square root of the total number of observations. The mean of the number of

grain boundaries per mm was highest for ingot D1 (no vibration) as compared to all other

ingots. Ingot V2 (20Hz,0.5mm) had the lowest mean number of grain boundaries per mm

among all ingots. The mean number of twin boundaries per mm was lowest in ingot D1
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Table 4.2:Probabilitylevelthat the number of grainboundaries per mm acrossthe ingo_

listedin the row w_ greaterthan the number of grain boundaries per rnm in the ingols

listedin thecolumns. The grainboundariesalongthe_II lengthofthe ingotswere compared

in thistable.These ingotswere solidifiedat 8 ram/day translationratewith or without

vibrationofthe ampoule.

Ingot

D1(no vibration)

Vl(10Hz.0.Smm)

V2(20Hz.0.3mrn)

V4(30Hz.0.Smm)

VS(40Hz.0.1mm)

V6(100Hz.0.03mm)

DI V1 V2 V4 V5 V6

0.99 0.99 0.99 0.99 0.99

0.99 0.53

0.99

0.99 0.99 0.9T

0.97 0.99 0.97 0.39

Table 4.3: ProbabiliLv ]eve] that the number of twin boundaries per mm across the ingo_

listedinthe row was greaterthan the number oftwin boundariesper mm inthe ingots]is_ed

in_he columns. The twinboundariesalong thefu/lkngth oftheingotswere compared inthis

_ab]e.These ingotswere solidifiedat _ ram/day translationtalewi_h or withou_ vibra_ior_

of the ampou]e.

Ingot

Dl(no vibl'ation)

Vl(10Hz,0.Smm)

V2(20Hz,0.Smm)

V4(30Hz,0.5mm)

V5(40H z,0.]ram)

V6(100Hz,0.05mm)

D1 V1 V2 V4 %'5 V6

0.99

0.62

0.95

0.99

0.52

0.99 0.72 0.99

0.75

0.95 0.93

0.62 0.99 0.59 0.99
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Table 4.4: Probabilitylevelthat the totalnumber of boundaries per mm acrossthe full

length of the ingot listedin the row was greaterthan the totalnumber of boundaries per

mm in the ingotslistedin the columns. The totalnumber of boundaries along the full

lengthof the ingotswere compared in thistable.These ingotswere solidifiedat 8 ram/day

translationratewith or without vibrationof the ampoule.

Ingot

Dl(no vibration)

Vl(10Hz,0.5mm)

V2(20Hz.0.5mm)

V4(30Hz.0.Smm)

V5(40Hz.0.1mm)

V6(100Hz.0.05mm)

D1 V1 V2 V4 V5 V6

0.93 0.99 0.99 0.68 0.99

0.99 0.71 0.99

0.99 0.99

0.87 0.99 0.76 0.99

0.99

Table 4.5: Probability level that the number of grain boundaries per mm across the ingot

listed in the ro'_ was greater than the number of grain boundaries per mm in the ingots

lisled in the columns. The grain boundaries along the last half of the ingots, as showr_

in Yigure 4.3S. were compared in this table. These ingots were solidified at 8 ram/day

translation rate with or without vibration of the ampoule.

Ingot

Dl(no vibration)

Vl(10Hz,0.5mm)

V2(20Hz,0.5mm)

V4(30Hz,0.5mm)

V5(40Hz.0.) ram)

V6(100Hz,0.05mm)

D1 V1 V2 V4 V5 V6

0.99 0.99 0.99 0.99 0.99

0.99 0.55

0.99

0.99 0.99 0.96

0.68 0.99 0.54
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Table4.6: Probability level that the numberof twin boundaries per mm across the ingot

listed in the row was greater than the number of twin boundaries per mm in the ingots

listed in the columns. The twin boundaries along the last half of the ingots were compared

in this table. These ingots were solidified at 8 ram/day translation rate with or without

vibration of the ampoule.

Ingot

Dl(no vibration)

Vl(10Hz,0.5mm) 0.99

V2(20Hz.O.Smm) 0.92

V4(30Hz.0.5mm) 0.99

V5(40Hz.0.1mm) 0.99

V6(100Hz.0.05mm) 0.88

D1 V1 V2 V4 V5 V6

0.96 0.73

0.95 0.99 0.60

0.58

0.99

0.54

0.g6

0.99

l-able 4.7: Probability level that the tota] number of boundaries per mm across the ingo_

]is_ed in the row was greater than the total number of boundaries per mm in the ingo_._

listed in the columns. The total number of boundaries along the last hal/of the ingots were

compared in this table. These ingots were solidified at 8 mm/day translation rate with or

wi_Lou_ vibration of the ampoule.

Ingot

Dl(no vibration)

Vl(10Hz,0.Smm)

Vl(20Hz,0.Smm)

V4(30Hz,0.Smm)
q

V5(40Hz,0.1mm)

V6(100Hz,0.05mm)

D1 V1

0.92

0.99

V2 %:4 V5 V6

0.99 0.98 0.96

0.99 0.71 0.9_

0.95 0.89

0.99 0.72 0.99

0.99
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(no vibration) amongall ingots, especially in the last half of the ingots, as shown in Figure

4.43. The total number of boundaries was lowest in ingot V2(20Hz,0.5mm) and higher in

ingot V5(40Hz,0.1mm). The high number of total boundaries in ingot V5 was due to large

number oftwin boundaries.

E

•_ 1.5
L

: I
e"

L.

...0,5 "-

D1 - No vibration
V1 - 10Hz,0.5mrn
V2 - 20Hz,0.5mm
V4 - 30Hz.0.5mm
V5 - 40Hz,0.1mrn
V6 - 100Hz,0.OSrnm

l I l 1 l0.0 DI Vl V V4 V5 "J6

Figure 4.3g: Mean number of grain boundaries per mm width counted across the sample._

at 2 mm intervals along full length of the ingots solidified with and without vibration at

ram/day translation rate. The error bars represent the standard error of the mean.

Figures 4.44 and 4.45 show the mean number of grain and twi:_ boundaries per

mm of the ingots solidified with and without vibration versus the vibration-induced dynamic

acceleration. The acceleration was measured using an accelerometer during application of

vibration. The 9: accelerations represent the maximum and minimum acceleration valuer

measured at specific vibration conditions. The dynamic acceleration wariations followed a

sinusoidal harmonic pattern (refer to Acceleration Measurement section in the Results chap-

ter for more detail). The mean number of grain boundaries was highest for lg(gravitationa]

acceleration without vibration). The mean number of grain boundaries decreased as the

dynamic acceleration increased up to :t:0.18, for ingot V2(20Hz,0.5mm). A higher dynamic

acceleration of 9:0.25 (ingot V4 - 30 Hz,0.5mm) showed an increase in the number of grainy

compared to the other ingots grown with vibration; still the number of grain boundarie_

]40



_=

=

L

,D

L¸

20

1.6

1.2

i

D1
V 1
V2
%74

V5
V6

No vibration
1OHz,0.5mm
2OHz,0.5mm
3OHz,0.5mm
40Hz,0. Imm
100Hz,0.05mm

_ -[

_u

8 i ,.J 1 I I

D 1 V 1 V2 V4 V5 V6
Figure 4.40: Mean number of twin boundaries per mm width counted across _he samp]e._

at 2 mm inter_]s along full length of the ingots solidified with and without vibration at $

mm,/day translatJo_ rate. The error bars represent the standard error of the mean.
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D1 - No vibration
V1 - ]0Hz,0.5mrn
V2 - 20Hz,0.5mm
\;4 - 30Hz,0.5mm
\'5 - 40Hz,0.1mm
V6 - 100Hz,0.05mm

i[

l ,, I J , J J ,[

D 1 V 1 V2 V4 V5 V6
Mean number of the total boundaries per mm width counted across the samples

at 2 mm inter_-als along the full length of the ingots solidified with and without vibration

at 8 mm/da.v translation rate. The error bars represent the standard error of the mean.
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Figure 4.42:Mean number of grainboundaries per mm width counted acrossthe samples

at 2 mm intervalsalong ]a.sthalfof the ingotssolidifiedwith and without vibratior_at 6

ram/day translation rate. The error bars represent the standard error of the mean.
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Figure 4.43: Mean number of twin boundaries per mm width counted across the samples

at 2 mm interims along last half of the ingots solidified with and without vibration at 8

ram/day translation rate. The error bars represent the standard error of the mean.
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,,'aslowerthan in the ingo_ grown without vibration.

The mean number of twin boundaries in the ingots did not fo]]ow a well-

defined pattern with respect to the d.vnami¢ acceleration. However, the mean number of

twin boundaries ,*'as lowes_ for ingot Dl(no vibration) as compared to ingots grown with

vibration.
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Figure 4.44: Mean number of grain boundaries per mm of the ingots solidified with and

without vibration at 8 mm/day translation rate. The grain boundary counts are plotted

versus the dynamic acceleration induced by vibration during growth. For example, the

zero acceleration is for run D1 without vibration and +0.05g represents the minimum and

maximum dynamic accelerations during growth of ingot V6.
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Figure 4.45: Mean number of twin boundaries per mm of the ingots solidified with and

without vibration at 8 ram/day translation rate. The twin boundary counts are plotted

ve_sus the dynamic acceleration induced by vibration during different growth runs. For

example, the zero acce]eration is for run D1 without vibration and the ff:0.05g represents

the minimum and maximum dynamic acceleration during growth of ingot V6.
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4.2 Current-induced Perturbations Studies

In this section the results of a solidification run with p_sage of alternating current

through the ampoule, current interface demarcation of Te-doped I.n0.2G_0.sSb ingot, and

in-situ temperature measurements in the melt and in the vicinity of liquid-solid interface of

GaSb and l.nGaSb charge are presented and discussed.

4.2.1 Solidification with Alternating Current

An ingot with ln0.2Gao.sSb initial feed composition was directionall.v solidified at 8

ram/day ampoule translation ra_e and 25-30°C/cm axial temperature gradient (measured in

an empty ampoule) with application of alternating 15 amp/era _ current pulses. The passage

of current through the growth system was started after 72 hours of ampoule lowering. The

current was applied ahernatively with 25 sec (4-) and 25 sec (-) polarities during growth.

The 25 sec puse duration was similar to one of the ACRT experiments performed by Gra._

[201 a? C]arkson. The original objective of this experiment was to compare an ingot solidified

wi',]_ ACRT at 25 sec cycle time to an ingot grown with current pulses of 25 sec dura_io]_.

The common point between the ACRT and currenl-induced growth was the possib51i_y of

backme]_ing and regrowth behavior. The magnitude of periodic growth for InSb-GaSb

under application of ACRT or electric current is not available.

Figure 4.46 shows a photograph of the longitudinal section of this ingot. The

sample was sandblasted to reveal the microstructure. This ingot had a much finer grain

structure with microcracks than the ingot shown in Figure 4.47, solidified without current

pulses under otherwise identical growth conditions.

The axSa] and radial compositional profiles of ingots were measured using EDS

(details described in Experimental section). Axial composition profiles of the above two in-

gots are shown in Figure 4.48 and 4.49. The cross-sectional composition profiles of these

ingots are shown in Figures 4.50 and 4.51. The ingot solidified without current shows an

axial composition profile corresponding to good mixing in the melt and uniform radial com-

posilion at different positions in the ingot. On the olher hand, the ingot C1 solidified with

current shows significanl axial and radial compositional variations. The radial composition
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in the initial section, up to about g=0.12, of ingot C1 is fairly uniform. This section of the

ingot was directionally solidified without current.

The microcracks in ingot C1 were possibly due to stress induced by composi-

tional variations. The fine grain structure, microcracks, and compositional fluctuations in

ingot C1, which was solidified with current pulses, are indicative of morphological breakdown

caused by passage of current. The criterion for occurrence of constitutional supercooling in

a binary alloy with and without application of electric current is formulated and given in

Appendix A.

Figure 4.46: Longitudinal section of an ingot with feed composition In0.2Ga0.sSb frozen at

a translation rate of 8 mm/day with application of alternating 15 amp/cm 2 current. The

ingot was sandblasted to reveal the microstructure. The microstructure exhibits a fine grain

structure with microcracks. The growth direction was from left to right.

From Appendix A, a heat balance at the interface can be written with and

without current applied:

k,G, - klGt = VncH (No Current)

k,G, - ktGt = (V,_c + Vc)H + rl (With Current)
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Figure 4.47: Longitudinal section of an ingot with feed composition In0.2Gao.sSb direction-

all}' frozen at an ampoule translation rate of 8 mm/day without application of current. The

ingot was chemically etched in 1HF:IHNO3:IH20 solution for 20 sec at room temperature

to reveal the microstructure. This ingot consists of several twinned grains. The growth

direction was from left to right.
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Figure 4.45 A_al compositional profile_ ,_T an ingot directionallv solidified without app]i-

cation of current. The profile corresponds ".c. good mbd=,g in the melt.

1.0

0. =_

",.;. E

2°4_:_0.2

00_0 ' _O. 0.2 0.4 0.6

Length

)

-i

i

0.8 1.0

Fraction Solidified

Figure 4.49: Axial compositional profile of an ingot solidified with alternating 15 amp/cm _

current pulses. Current was applied after initial 4 days of ampoule loweril,g corresponding.
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Figure 4.51: Radial compositional profiles of the ingot CI solidified with application of

current. Here 9 is tile axial position expressed as mo]e fraction of the ingot so]idJfied.
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where l'_isthe interfacevelocitywithout currentapplied,Go and G_ are the axJa]tem-

perature gradientsin the solidand liquidat the interface,respectively,r is the Pehier

coefficient,J_ isthe heat offusionper unit volume, and I isthe currentdensity.The net

velocityduring passage ofcurrentis(V,=+ _). The perturbationin temperature gradients

isnegligibleat the instantof applicationof current.At that instantthe current-induced

change in growth rateis,from the above equations:

-_rI
= -- (4.14)

//

Equations describingthe conditionsfor avoidanceof constitutionalsupercoolingare given

as (see .Appendix A for more detai]s):

(3,'0 Current) Gic,,,,ca' >_.

A_ the first ins_an_ when current is turned on:

Cc [v.gk, - 23
D C!

(4.15)

rl
),'_r_DC_ r,I. _-)(k,G:c,,,,:=: > _-Tit ,_:- - 1)- ['(pit',, (4.16_

where m is the slope ofliquidus curve, k, is the interracial distribution coe_cient determined

from phase diagram, Cc and CI are the total molar concentration of solute in the solid and in

the liquid at the interface, respectively. U is the electromobility, p is the electrical resistivity,

and ] is the currenl density.

The above equations were used to estimate the critica] temperature gradient

G_,,,,,=I as a function of composition for InzGal_=Sb.

In this work In0.2Ga_.sSb feed composition was used for all directional solidi-

fication experiments both with and without current pulsations. Fitting the liquidus curve

for the phase diagram of InSb-GaSb, shown in Figure 4.52, we obtain:

T = 709.5- 93.1X_ - 96.1X_ _ (4.17)

where Xt is the mole fraction of lnSb. The s]ope of the ]iquidus is determined by differen-

tiation of the above equation as:
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Figure 4.52: EquiLibrium phase diagram of InSb-GaSb s.vs_em [50_
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Figure 4.53: Eq_lJbrium distributioncoefficientko versusmole fractionXi liquiduscon-

centration oflnSb for InSb-GaSb system. The circ]e_ are the data taken from the phase

diagram. The line is a polynomial fit given as ko = _- = 0.]2+0.721Xi-2.37XI:+2.5TXI 3.
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aT
m = _ = -93.1 - 192.2A_ (4.15)

dX_

From the phase diagram, the equilibrium distribution coefficient ko is determined as a

function of the liquidus composition of InSb, as shown in Figure 4,52:

XJ

ko = _ = 0.12+ 0.721X_ - 2.37X_2 + 2.57X#3 (4.19)

where X, isthe mole fractionof solutein the solidat the interface.Assuming that equi-

librium prevailsat the interface,the interfacia.]distributioncoefficientisthe same as the

equilibriumdistributioncoefficient,i.e.,k,= ko.

The lhermoph.vsica]propertiesof InzGa1_:.Sb are not known versuscompo-

si_io:_. The properties oflnSb and GaSh are fair]}' well de_ermined and are given in Ap-

pendix C. Here in our calculations we used properties for GaSb. such as Pel_ier coeff_cier_,,

(rc:_:=0.06 roll), latent heat of fusion (HaoS_=1300 J/cm3), and resistivity (p=0.00;

,Q.cr,_ . For estimation of the critical G: the growth rate without application of current _as

set to the ampoule lowering rate of 8 ram/day, which is 9.25 x 10 -6 cm/s.

In principle, e]ectromigration in a ternary system, such as molten In-Ga-$b.

canno_ be described correctly using a formulation for a binary system. In molten In-Ga-

Sb. the slochiometric (In + Ga)/Sb will not be maintained in the presence of diffusion

and elec_romigratior_. Ho_vever, there is no information available on eleclromigration or

diffusiol; in molten ln-Ga-Sb in the literalure. In the absence of data on ternary transporl

properties, we assumed that the stoichiometry is maintained as a pseudo-binary mixture

of lnSb and GaSb, recognizing that the results are only approximate. InSb is considered

to be the solute. The electromobility coefficient U is assumed to be the relative migration

between InSb and GaSb in the presence of an applied electric field. Values of D=2xl0 -s

cm2/s and U=lxl0 -4 cm2/s.volt were used. These are within the range of the values for

metallic melts [80].

In Figure 4.54 the critical temperature gradient G_ is p]olled versus the mole

fraction of InSb for the InSb-GaSb s.vs_em. As noted above, this plot is not valid to quan-

tif.v the effecl of eleclromigration in the lnSb-GaSb system. It is used only to qualitatively
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demonstratethe effect of eleetromigration in a pseudo-binary system. Note that the e]eetro.

migration induced by a current density of 15 amp/era _ is not predicted to show a significan_

effect on the critical temperature gradient, especially at lov,er values of mole fraction.

Figure 4.55 shows a plot of critical temperature gradient including the Pehier

effect, induced by application of-15 amp/c: - current density. The electromigration term

_'a_ neglected. The negative polarity current results in PehJer cooling at the interface.

therefore momentarily increasing the rate of growth. Due to application of .15 amp/era _

current, the Jn._tantaneous current-induced growth increase ]s estimated to be:

-rl
1"_ - - 0.000T crn/_, (4.20

H

Comparing _i,e growth rate__ _]th and without current-induced Peltier cooling we fi_,d:

1 _ -_ 1 _: 0.000:"
- - 70 (4._.1 _

lk: 0.000009

Tl,u-_ at the initial instan', of Pehier cooling, the interfacia] ve]ocit.v is estimated to be

abou_ 70 times higher _l-,an before _he current was applied. Duringapplica_ior, ofcurreL:

_Le t]_erma] field _ the me]_ and solid changes. Consequent].v the interracial velocity sLou',d

decrease from its initial sudder, rise and approach the ra_e before application of currer,_.

Brush et a]. [91'_ calculated the inlerfacial velocity for solidification of lr, Sb

during application of electric current (discussed in detail in the section on Current-induced

Perturbations). For repeated current pulses of 9.5 amp/era _ on for 20 see and off for 40 see.

as sbo,_n in F_gure 4.56, the interracial re]ocit.r ,_'a_ predicted Io suddenly increase from

10 micron/see ampoule lov,ering rate to ]8.5 micron/see. Due to thermal relaxation, the

interface velocity was predicted gradually to decrease and then suddenly to fall to below

the ampoule translation rate when the current is turned off.

The estimated 70 fold increase in freezing rate caused by application of current

during solidification of InSb-GaSb alloy system would require a very high temperature

gradient to avoid constitutional supercooling. In our work an imposed temperalure gradient

of less than 25-30 °C/cm was used in the directional solidification of ]nSb-GaSb ingots

{discussed in detail in the Experimental section). Although this is below the gradien1
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Figure 4.54: Plot of critical temperature gradient versus liqu;d composition for ]nSb-GaSb

system _ith current-induced electromigration. These parameters were used; D=2xl0 -_

cm2/s, Ha,Sb=1300 J/era 3, p=0.00l fl.cm, U=lxl0 -4 cm2/s.volt and %',c=9.25 x ]0 -G

cm/s ($ ram/day). Only the e]ectromigartion term was considered. The Peltier term was

neg]ected. The curves represent the eases for 1) I=0 no current-induced effect, 2) 1=+15

amp/cm 2 current density, and 3) I=-15 amp/era 2 current density. Above the curves it is

stable condition and below the curves, it is unstable.
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Figure 4.55: A sem3-log plot of critical temperature gradient versus liquid composition

for IzSb-GaSb system with current-induced Peltier cooling. These parameters were used

D=2xl0 -s cm2/s, HCoSe=1300 .]/cm 3, p=0.001 _.cm, 1_=9.25xI0 -6 cm/s ($ mm/da.v),

and r,c=sb=0.06 volt. Only the Peltier term was considered. The electromigration term was

neglected. The curves represent the cases for; 1) I=0 no current-induced effect, 2) 1=-15

amp/cm 2 current density (Peltier cooling effect). Above the curves, interface is stable and

below the curve, it is unstable.
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required to avoid constitutional supercooling, the interface may not break down during a

pulse, lnstead new grains and twins may nucleate in the momentarily supercooled melt.

before the interface can change shape. This may result in formation of fine grain structure

and cellular growth. In our growth experiment with applied current the microstructure of

the ingot consisted of fine grains with significant compositional fluctuations.
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4.2.2 Current Interface Demarcation ofTe-doped In0_Ga0sSb

A current interface demarcation experiment was performed with :In_Ga__rSb doped

with _e]JurJum.A ? cm long by 9 mm diameter charge of lno.2Ga_.sSbwas alloyedin the

rocking furnace for 9 hours at 820°C. The charge was placed in an electroded ampoule and

1000 ppm by weight of six-nines purity tellurium was added to the charge. The ampoule

was purged with argon and sealed under a vacuum of 10 -6 torr. The ampoule was placed in

the Bridgman-Stockbarger furnace with settings of 800*C and 4750C for heater and cooler.

respectively, and a 5 cm long adiabatic zone. The charge was allowed to melt down aand

left over night. The ampoule was occasionally shaken manually for homogenization of Te

dopant i1_ the melt. The ampoule was lowered at _ mm/dav.

After solidification, the resulting ingo_ was sectioned ]ongitudina]].v. ca._', i:,

a resin mold. and mechanically polished. These samples were chemical].v etched in :IH7 :

]H_03 : ]KMn04 solution for 60-_0 sec a_ room temperature, and rinsed in de-ior:izec:

wa_er and methanol. The samples were examined using darkfie]d and .Nomarski optical _i-

croscopy and scanning electron micro_cop.v. Current-induced growth rate varia_ion._ marL-

ifes_ed themselves in the ingot as Te concentration bands known as pulse striations [25:.

The Te-rich regions _ere preferential]} etched, resulting in bands with differen_ topograpl,.v

compared to the regions solidified without current.

A series of 10 amp current pulses with 10 sec on-time and 300 sec off-time

duration were tried. The current was passed from solid (+) to melt (-). The currenl

pulses were passed during the last 5 days of growth. The ingot had a poor microstructure

with microcracks and man)' small grains. Striations were oberved in some grains and not

in others. Consequently, it was difficult to trace these striations to determine the overall

shape of the liquid-solid interface at the time of a pulsation.

Figure 4.57 shows a scanning electron micrograph of pulsed striations in ln0.2Ga0 sSb

feed composition ingot doped with tellurium. These striations were generated by passage of

10 amp current (15.7 amp/cm _) for l0 sec followed by no current for 300 sec. The curren_

was passed from solid (+) to melt (-). The groved boundary is a grain boundary wi_lJ

the interface demarcations crossing the boundary. Inlerestingl.v, the demarcations were ir-
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regular in the vicinity of some boundaries. Figures 4.58 and 4.59 show photomicrographs

of striations across straight and curved boundaries. These photomicrographs were taker,

using Nomarski optical microscopy v.'ith polarized light. A closer examination of the curved

boundary in Figure 4.58 shows that the boundary _'as wiggly. The frequency of striations

corresponded to the frequency of the wiggle. Some irregularities in demarcated regions were

observed in the vicinity of the wiggled, curved boundary.

Figure 4.60 shows a photomicrograph of striations crossing a twin boundary

in Te-doped In0._Ga0 8Sb generated by passage of 10 amp current from solid (+) to melt (-)

for 10 sec followed by no current for 300 sec. The striations were revealed by etching of the

sample in IHY:IH.YO3.1KMnO3 solution for ] rain al room temperature. The photomicro-

graph wa__ taken using Nomarski optical microscopy with polarized light. The demarcatio:_:

were regular across the twirJ boundaries. No sign of instability or ]rregu]arit.v was observed

]n tt_e demarcation acro._s the twin boundaries. A slight])' shift of demarcation pos]tior, wa._

ob._erved with twit, ned regions, as seen in Figure 4.60.
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Figure 4.57: Scanning electron microgrpah of striations in a Te-doped In0.2Ga_.sSb ingot.

A 10 amp current was passed from solid (+) to melt (-) for 10 sec followed by 300 sec

without current. The sample was etched in IHF:IHNOa:1KMn03 soJution for 1 rain at the

room temperature. The magnification is 500X. The long scale bar, pointed at with a small

arrow, is 10 micron. Direction of growth was as shown b)' the long arrow in the right upper

right.hand corner of the picture.
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Figure 4.58: Photomicrogrpah of striations in a Te.doped In0.2Ga_.BSb ingot generated b.v

passage of 10 amp current from solid (+) to melt (-) for 10 sec followed by no current for 300

sec. The striations v.'ere revealed by etching the sample in 1HF:IHNOs.IKMnOa solution

for 1 min at room temperature. This photomicrograph was taken using Nomarski optical

microscopy with po|arized light. Note that the striations cross one curved and one straight

boundary. The magnification was IOOX. The direction of growth was from bottom to top

of the picture.
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Figure 4.59:Photomicrogrpah ofirregularstriationsina Te-doped In0.2Ga0.sSbingotgener-

ated by passageof I0 amp currentfrom solid(+) tomelt (-)forI0 sec followedby no current

for 300 sec. The striationswere revealedby etching the sample in IHF:IHNOs.IKMnO3

solutionforI rainat room temperature. This photomicrograph was taken using Nomarski

opticalmicroscopy with polarizedlight.Note the irregularityin the striationsnear the

boundary. The magnificationis200X. The directionof growth was bottom to top of the

picture.
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Figure 4.60: Photomicrograph of striations crossing a twin boundary in Te-doped

]n02Ga0.sSb generated by passage of 10 amp current from solid (+) to melt (-) for l0

sec followed by no current for 300 sec. The striations _ere revea]ed by etching of the sam-

ple in 1HF:lHNO3.1KMnO3 solution for 1 rain at room temperature. The Photomicrog'rapl_

was taken using Nomarski optica] microscopy v.ith polarized light. The direction of gro_th

was from bottom to top of the picture, magnification was 225X.
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4.2.3 In-situ Temperature Measurements with Current

Passage of current through a melt-solid system results in Pehier heating or cooling

at the interface, Joule heating, and Thomson heating or cooling in the solid and melt.

These thermoelectric effects cause transient thermal perturbations in the melt and solid.

The magnitude of the thermal perturbations depends on the magnitude and direction of the

current(for reversible Pehier and Thomson heating or cooling). In semiconductor materials,

the Pehier effect depends on the electronic behavior of materials. For example, in n-type

materials such as InSb (intrinsicly n-type), passage of current from melt(+) to solid(-)

results in Pehier heating. By changing the direction of current, Pehier cooling results.

Whereas in p-t.vpe materials such as GaSb, the effect of application of current at the me]t

- so:id interface is opposite to n-type materials.

An alloy of InSb-GaSb changes from p-type to n-type at abou_ 45_ mo'.,_

fractior, lnSb concentration in the solid [36:. Generating current-induced Pe]tier heati:_g

or coo]ing a_ the melt-solid interface in the InSb-GaSb system depends on the e]ec_ro:_:,¢

behavior of the system. Due to rejection of InSb at the interface, the growing ingot conta:,:.

less h:Sb initiall.v and more near the end. It means that the materials changes from p-

type to n-type somewhere along the ingot. If continuous Peltier cooling pulses are needed

to demarcate the interface, the direction of current must be switched from one polarity

to another _hen the ingot changes _'rom p-type to n-type. Te-doping also changes the

electronic behavior of the InSb-GaSb system.

In this work, we tried to determine the dependence of Pe]tier effect on the

current polarity in GaSb system. Also we tried to measure the thermal perturbations

induced in the melt and in the vicinity of the liquid-solid interface in GaSb. These results

were used to separate the effects of Joule heating, Thomson heating and cooling, and Peltier

heating and cooling in GaSh.

In this section we report results of in.situ temperature measurements in melts

ofln_Gal_zSb and in GaSb during passage of electric current pulses. The temperature

measurement technique is given in Chapter 3. In brief, an ungrounded K-type sheathed

lhermocouple was placed in a charge of in a vacuum sealed ampoule. The charge was
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contactedon top and bottom by two mo]ybdenum-graphite e]ectrodesused for passage of

electrical current. The available programmable current generator could supp].v up to 10 amp

current. Current amplitudes of 2 to 10 amp were tried. Here we report the temperature

measurements for 10 amp current. The thermocouple was connected to a thermocouple

board of a data acquisition system and a Zenith 248 computer. Pulse durations of 5.30.

and 60 sec were used in these experiments.

Overall, seven individual ampoules were prepared for temperature measure-

ments. Onl,v three experiments were successful. The other four were terminated due 1o

failure of the thermocoup]e sheath or b.v leakage of melt from the bottom electrode, result-

ing i1_ loss of e]ectrica] contact between the electrodes and charge.

Temperature Measurements in Molten In0.._Ga0sSb

Several temperature mea,_urements were performed in a molten charge of preal]o>ed

]I_o2Ga0sSb. The charge was 7 cm longand situated in a quartz ampoule of 9 mm inner

diameter and 11 mm outer diameter. An ungrounded K-type thermocouple with 0.41 mm

diameter 304 stainless stee] sheath was placed 3.5 cm into the charge from bottom, lr_

lhese measurements a s_rip-chart recorder and digital thermometer were used to record

and monitor the thermocouple read]ngs in the charge. The entire charge was situated in

ll-_e heater section of the furnace. The heater and cooler settings were 820°C and 450_"C.

respectively. After melting the charge, the thermocoup]e reading in the charge was allowed

to reach stead.v-state before application of current.

Figure 4.61 shows the thermocouple readings in the melt of In0.2Ga_sSb dur-

ing periodic passage of 10 amp current for 60 sec followed by no current for 30 off. The

thermocouple reading was initially at 815.7°C before application of current. The tempera-

ture periodically x_aried between 815.7°C to 817.2°C. The temperature in the melt increased

gradually during current passage and decayed when it was off.

Figure 4.62 shows thermocoup]e readings in the ln0.2Ga_.sSb melt during peri-

odic passage of 10 amp alternating current pulses for 30 s with positive polarity and 30 with

negative polarity. The thermocouple reading was initially at 80__.9°C before application of
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current. The temperature of the melt increased due to a new stead)' state of about 811.5°C.

The temperature remained fair])constant during alternatingcurrent pulses. Due to the

low resolutionof the strip-chartrecorder,the periodicThomson coolingand heating were

not detectable.
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Figure 4.61: Thermocoup]e readings in molten InoaGao.sSb during passage of l0 amp cur-

rent for 60 sec followed by no current for 30 sec. The current was passed from the top

electrode to the bottom electrode. The tip of the thermocouple was situated 3.5 cm into

the 7 cm long charge.
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Temperature Measurements in GaSb

Severalin.situtemperature measurements were performed in GaSb during passag_

ofcurrent.The objectiveoftheseexperimentswas tomeasure the current-inducedthermal

perturbationsinGaSb due toJoule heating,Thomson heatingor coolingand Peltiereffect.

GaSb was used insteadof In0.2Gao.gSb.The freezingtemperature of ]nSb-GaSb _'aries

along the ingot. It was difficultto determine the exact positionof the thermocoup]e tip

with respectto the freezingtemperature ofthe InSb-GaSb charge.By knowing the freezing

temperature of GaSb, itwas possibleto positionthe tip of thermocouple junction in the

vicinity of the interface. These measurements were performed using a K-t.vpe thermocoup]e

w]tl_ stainless steel sheath placed in a charge of GaSh. The tip of the thermocouple wa_

positioned 3.5 cm into a 7 cm long GaSh charge. The success of these experiment., wa._

limited by the failure of the thermocouple in the melt. The melt soon damaged the shea_t-.

and the thermocouple junction. These measurements were performed with heater and coo',er

se_til_gs of 800:C and 475_C, respectively, a 5 cm insulation layer, and a stat]onar.v ampoule.

Figure 4.63 shows the _hermocouple readings in the GaSb meh during passage

of 1O amp curren_ alternating for 30 sec (-_) polarity and 30 sec (-) polarity. ]rJ recording T].

t]_e molten charge was situated in the middle of the ]_ea_er. Recording T2 was made after

the ampoule containing the charge and thermocoup]e was moved 1.5 cm down from _here

recordingTl had been taken. The axJa] temperature gradient was higher at the positjor,

where T2 was taken than where T1 ,*'as taken. In T1, the passage of current ,*as initiated

after 20 sec. The thermocoup]e reading showed a temperature rise from T80.5°C to 782.2_C.

and then the thermocoup]e reading remained at about 782°C throughout the remaining of

pulsations, indicating a new near-equilibrium was established. Small temperature fluctua-

tions were observed during the change of direction of current due to the contribution of the

Thomson effect.

In T2 the temperature increased from 774°C to 776.8 ° and afterward varied

periodically by" 0.7°C during positive and negative alternating current.

:In both T1 and T2, the temperature rise "*'as due to Thomson heating and

Joule heating. The periodic temperature rise and fall were due to the contribution of Thom-
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son heatingand coolingas the directionof currentwas changed. The periodicThomson

heating and coolingwas lesspronounced in T1 as compared to T2. Such a differencewas

probably due to the highertemperature gradientin the mohen chargewhere the profileT2

was recorded as compared to the TI. The presence ofliquid-solidinterfacewas unlikelyin

these measurements. Ifany solidphase was present,the liquid-solidinterfacewould have

been about 3 cm away from thermocouple tipinrecordingT2. Peltiercoolingpossiblyhad

some effecton thesethermal perturbations.

The Thomson effectisa reversiblephenomenon depending on the directionof

current.The Thomson heat isexpressedas:

dT
QT = rI_-_ (4.-°'2 i,

xv]]ere dT is the temperature gradient. I is the currenl density and r i: the Thomsor:

coefi_cien:.Joule heating isexpressedas:

Q: = p]2 (4.23

where n i._ the electrical resisliviLV and ] i,_the current density. Joule heating is independent

of the dSrection of applied current.

A single pulse measuremen_ was performed at the same position where profi]e

T2 was taken. Figure 4.64 shows the thermocouple reading in the GaSb melt during passage

of ]0 amp current. The pulse was passed for 60 sec from the top electrode (-) to bottom

electrode (+), and then vice versa. The thermocoup]e readings when the pulse was passed

from top electrode (-) to bottom electrode (+) showed a 0.6°C temperature difference

due to Thomson effect by passing different polarity current. In these measurements, the

temperature rise in the melt was due to Joule healing and Thomson healing when the

current was passed from top(-) to bottom(+). The reversed polarity resulted in Joule

heating and Thomson cooling in the melt. In these measurements, the presence of liquid-

solidinterfacewas unlike])'.

Table 4.8 shows the power per unit volume generated in a GaSb me]_ for

15.7amp/cm _ currentdensitydue to Joule healingand Thomson effect.Two lempera_ure
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Figure 4.63: Thermocouple readings in the Gagb meh during passage of l0 amp currer,:

ahernating for 30 see (+) polarity and 30 sec (-) polarity. The Passage of current waz

initiated after 20 sec on the time scale. Recording T1 and T2 were taken at positions

with low and high axial temperature gradients, respectively. The temperature increase was

due to Joule heating and Thomson effects. Larger periodic thermal perturbations were

measured T2 as compared to T1 due to the periodic contribution of Thomson heating and

cooling because of larger temperature gradient in T2.
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gradients were used in these calculations; 2°C/cm for low temperature gradienl region

in the melt. such that in the middle of the heater, and 20°C/cm a for high temperature

gradient region, as in the vicinity of the liquid-solid interface. For 10 amp current, the po,_'er

generated by Joule heat is about ]O times larger than the Thomson power in a 2°C/cm axial

_emperature gradient.

Table 4.S:Power generatedin the melt of GaSb due to 15.7amp/cm 2 currentdensity.

Current Density

amp/cm 2

Joule

_'att/cm 3

Thomson

%vatt/cm 3

2°C/cm 20°C/cm

--15.7 0.023 ±.0015T ±0.0157

To measure the thermal perturbations in the v,cinity of the liquid-solid inter-

face. the ampoule _as translated into the cooler to promote solidification. The thermocou-

p_e reading was monitored, meanwhile. When the thermocoup]e reading reached T20_C the

translation was terminated.

This temperature reading _'as 2-50 above the melting temperature of GaSh.

i.e. 715°C to 718°C.. With an axial temperature gradient of 20-25_C/cm in the vicinity

of interface, the thermocouple tip at 720°C temperature reading was expected to be 2 to 3

mm away from interface into the melt.

The lemperature was measured during application of 10 amp current passed

for 60 sec from melt to solid and vice versa. Figure 4.65 shows the thermocouple readings

in the vicinity of the liquid-solid interface, 2 to 3 mm into the melt of CaSb. A 10 amp

current was passed for 60 sec from melt (+) to solid (-) for 60 sec. Initially, the thermocoup]e

reading decreased from 720°C to T14°C within the first 5-6 sec of pulsation. Afterward.

the temperature started increasing gradua]l.v. When the pulse was turned off, the cooling
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effect of the current was terminated and the thermocouple reading started rising to the

temperature reading before pulsation. A slight overshoot was observed after the current

was turned off. This could have been due to volumetric Joule heating which had not

dissipated completely, even after termination of the current. The initial cooling behavior

was due to Peltier and Thomson cooling. Although the cooling effect remained throughou',

the pulse. Joule heating resulted in a gradual rise of temperature.

735

= 730

p_ "

- E
'" 720"

._, ,-

i

=715-
-- r
P_

_.J ;.

7!00

ON

d

40

b

I

I

, OFF

.u,J, ,::b_ _

'0
0

Duration

, , , j J

60 80

Time

Fulse

20 40 I00 120 140 160 180 200

(Sec]

Figure 4.65: Thermocouple readings in a GaSb melt in the vicimty of the liquid-solid inter-

face during passage of l0 amp current for 60 sec passed from solid, i.e. bottom electrode(+)

to melt, i.e. top electrode(-). Before current pulsation, the thermocoup]e tip was estimated

to have been 2 to 3 mm away from the interface in the melt. The temperature rise was

dominated by Peltier heating initially and followed by Joule heating and Thomson heating.

After termination of current the thermocouple reading returned to the initial steady-state

val ue.

Figure 4.66 shows the thermocouple reading in the melt of GaSb in the vicinity
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of the liquid-solid interface for a 10 amp current pulse passed for 60 sec from solid(-;-) to

melt (-). These temperature measurements were performed at the same position as the

profile given in the Figure 4.66, except with different polarity. Initially. the temperature

started rising rapidly, mostly due to Peltier heating, from 720°C to 726°C within the first

6-8 sec of current pulsation and then continued increasing up to 728.5°C. After termination

of current, the temperature decayed to its initial value.

Figure 4.67 shows temperature measurements similar to those in Figures 4.65

and 4.66, except the pulse duration was 5 sec. Similar temperature decay and rise was

observed as in Figures 4.65 and 4.66 during the first 5 sec of the pulsation.

In these measurements, the transient thermal perturbations in the vicini_.v of

the interface was dominated by the Pehier effect and possibly the Thomson effect. Joule

heating was less pronounced initially. As the current pulsation was continued, the interface

would have moved to a new position and the Joule heating-induced thermal rise became

more pronounced.
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to melt, i.e. top electrode(+). Before current pulsation, the thermocouple tip was esti-

mated to have been 2 to 3 mm away from interface in the melt. The temperature decay

was dominated by Pehier cooling initially, followed a slight increase due to Joule heating

and _e]ocation of the interface position. After termination of the current the thermocouple

reading returned to the initial steady-state v'_lue.
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pie tip was possibly 2 to 3 mm away from interfaceinto the melt. The temperature riseand

failfor different polaritieswere mostly due to Peltier effect.After term/nation of current

the thermocoup]e reading returned to the ]rdtia]steady-state value.
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APPENDIX B f

Directional Solidification of Pb-Sn Eutectic

with Vibration

N91-22421
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Potsdam, NY 13699-5700, USA

ABSTRACT

Pb-Sn eutectic alloy was directionally solidified at 1.4 to 3.2 cm/hr with

forced convection induced by axial vibration of the growth ampoule with a frequency

of l0 Hz to 40 Hz and an amplitude of 0.5 to 1.0 ram. To determine the exact growth

rate, an interface demarcation technique was applied. The ]amel]ar spacing was in-

creased 10% to 40% in ingots solidified with vibration compared to those solidified

without vibration. The number of grain boundaries was increased by vibration.

The average intensity of convection in the melt under axial vibration of

the ampoule was estimated by comparing the experimental results with a theoretical

model.

1Current address : State University of Campinas, Campinas, SP, Brazil

2Current address : MEMC Electronic Materials, 501 Pearl Dr., St. Petcrs, MO 63376

pRECEDiNG 2.AGE BLANK NOT FILMED



1. Introduction

In recent years, many theoretical and experimental investigations have

been performed on the effect of convection on eutectic microstructure. The main

motivation for these investigations was that directional solidification of eutectic alloys

can produce high quality composites with interesting anisotropic properties.

A theory for diffusion-controlled eutectic growth was presented by Jack-

son and Hunt [1]. Assuming a linear velocity gradient in the flow of melt across the

interface, Quenisset and Naslain [2], followed later by Baskaran and Wilcox [3] and

Chandrasekhar et al. [4] calculated numerically the interracial composition during

lamellar growth. The variation of composition at the solid/liquid interface was con-

verted to changes of the undercooling at the interface. Using the extremum criterion,

a relationship was derived between lamellar spacing and convection. Employing the

same strategy with two different directions of flow relative to microstructure, Caram

et al. [5] determined the influence of convection on rod growth. These theoretical

investigations led to the conclusion that convection increases the lamellar and rod

spacing during eutectic solidification.

Eisa and Wilcox [6] and Chandrasekhar [7] experimentally studied so-

lidification of the MnBi-Bi eutectic with the accelerated crucible rotation technique

(ACRT). The MnBi rod spacing was increased by using ACRT.

Popov and Wilcox [8] directionally solidified the Pb-Sn eutectic at 1.0 and

4.6 cm]hr with ACRT using a vertical Bridgman - Stockbarger technique. Application

of ACRT did not change the lamellar spacing, although this did influence the rate of

rotation of the spiral structures observed by Mourer and Verhoeven [9].

Another approach to enhance convection in the melt during directional

solidification is application of vibration. Vibrational mixing has been utilized in melt

growth by many researchers [10-19], with a wide range of amplitudes and frequencies

of vibration. For example, ultrasonic vibration at 10 KHz with micron range ampli-



tudeswas usedin the Czochralskigrowth of Te-dopedInSb [10-12]and In_Gax__Sb

[13]. The grain sizeof the Bi_Te3-Bi_Se3eutectic system was reducedby ultrasonic

agitation of the melt during directional solidification [14]. Vibration at frequencies

of 10 - 100Hz and an amplitude of 0.05 to 5 cm resulted in better grain selectionin

GaAs [15],CdTe [16-18],and In_Gaa__Sb[19] crystalsdirectionally solidified by zone

melting and Bridgman techniques. Even though the vibration enhanced grain selec-

tion, the number of twin boundaries in CdTe [16-18] and In0.2Ga0.sSb [19] increased.

The mechanism for modification of microstructure is not yet known.

The main objective of this work was to investigate the influence of axial

vibration of the growth ampoule on the lamellar growth of Pb-Sn eutectic using a

vertical Bridgman - Stockbarger technique.

2. Experimental Methods

The experimental set-up consisted of a vertical Bridgman-Stockbarger

crystal growth apparatus with provision for axial vibration of the growth ampoule,

as shown in figure 1. The hot and cold zones were made of Kanthal heating elements

embedded in Fibrothal insulation, separated by 5 cm of zirconia insulation as an

adiabatic zone. The ampoule was translated from the hot zone to the cold zone to

promote solidification.

The vibration unit consisted of a Bruel Kjaer vibrator connected to a

power amplifier and HP function generator. With this arrangement the ampoule

could be oscillated in the axial direction, parallel to gravity, at a frequency of 0.1

to 100 Hz and an amplitude up to 1.5 mm. The acceleration due to vibration was

measured using an accelerometer connected to a power amplifier and data acquisition

system. Figure 2 shows a dynamic acceleration measurement during axial vibration of

the ampoule at a frequency of 20 Hz and 0.5 mm amplitude. An acceleration of +0.1g

to +0.15g (g=9.81 m/s 2) was measured for the range of frequencies and amplitudes

utilized for our experiments.



The growth material waspreparedby weighinga properamount of 99.9999%

purity Pb and Sn shots, corresponding to 61.1wt% Pb and 38.9wt% Sn. Quartz am-

poules containing these shots were purged with argon and sealed under a vacuum

of 10 -6 tort. The materials were alloyed in a rocking furnace at 500°C for 6 hours.

Then the ampoule was transferred to the vertical Bridgman-Stockbarger furnace for

directional solidification experiments. Ingots 7 to 12 cm long and 0.6 cm in diameter

were directionally solidified at an ampoule lowering rate of 1.0 cm/hr rate and an

axial temperature gradient 40 ° C/cm (measured using a K-type thermocouple in an

empty ampoule). The heater and cooler settings were 300°C and 25°C, respectively.-

Cross sectional samples were taken from several locations along the ingot.

The samples were cast in a resin mold and mechanically polished. The samples were

electrochemically polished in a solution of 800 ml of absolute ethanol, 140 ml of

distilled water and 60 ml of percloric acid for 60 sec at room temperature. In order

to reveal the microstructure, the samples were chemically etched in a solution of 1

part of glycerol, 1 part of acetic acid and 4 parts of nitric acid for 30 sec at room

temperature. Using such a procedure, the grain boundaries and the lamellar structure

were revealed. The lamellar structure of cross-sectional and longitudinal samples was

examined using optical and scanning electron microscopy.

3. Results and Discussion

TO measure the Iamellar spacing, cross-sectional samples were utilized.

Since the eutectic growth develops with several grains at different orientations, the

use of longitudinal samples would lead to a mismeasurement of the smaller spacing.

Figure 3 presents a longitudinal slice. The lamellar spacing appear to be different in

each grain because of the different orientations relative to the surface. The location

of a change in the direction of lamella was taken as a grain boundary.

An intriguing result was obtained from the preliminary experiments per-

formed without axial vibration. In these experiments, the solidification was carried



out by moving the ampoule at a constant rate of 1.0 cm/h. The lamellar spacing,

A, was different from values obtained by others at the same velocity [20-23]. It was

suspected that the difference between the values of lamellar spacing was due to a

deviation of the growth rate from the ampoule lowering rate. Sukanek [24] showed

that the freezing rate may deviate significantly from the lowering rate for directional

solidification in a Bridgman - Stockbarger furnace, especially near the ends and with

a large insulation zone (as used here). In our experiments, the sample was not very

long (ampoule length/ampoule diameter = 12 to 15) and the insulation thickness

was high (insulation zone/ampoule diameter _ 8). Therefore, we concluded that the

deviation of the freezing rate from the translation rate might have been considerable.

To assess the deviation of the growth rate from the ampoule lowering

rate, a technique was used to demarcate the liquid-solid interface periodically during

the growth period. The growth ampoule was abruptly lowered 0.15 cm every one

hour. This rapid movement disrupted the structure and enabled the interface shape

and position to be seen in longitudinal slices. The average macroscopic freezing rate

was determined by measuring the distance between these interface demarcations and

knowing the frequency of suddenly lowering the ampoule. Figure 4 shows the growth

rate versus length fraction solidified in ingots 7.0 to 10 cm long. The freezing rate

was higher at the first to freeze section of the ingots, decreased halfway through the

growth, and increased at the end of solidification. These result are in qualitative

agreement with Sukanek's prediction [24].

Since the growth velocity varied, the lamellar spacing should have also

varied along the ingots. Figure 5 shows the variation of the lamellar spacing versus

the fraction solidified. For all vibration conditions, the lamellar spacing was smaller

near the ends and increased in the center of the ingot, as shown in figure 5. For the

growth with vibration, the lamellar spacing was larger than without vibration.

Depending on the intensity of vibration, the use of axial vibration dur-

aP-, :


